revious studies have demonstrated that the pulmonary veins (PVs) are a source of triggers that initiate and perpetuate atrial fibrillation (AF), 1,2 so radiofrequency catheter ablation that electrically isolates the PVs has been used to treat AF. [1] [2] [3] [4] To improve the clinical outcome, additional linear ablation to modify the substrate of AF has been proposed, 5-7 and we recently described an alternative approach of complete isolation of the posterior left atrium (LA), including all the PVs, for treating AF, namely the Box isolation. 8 However, this procedure is technically challenging because of variant atrial conductions, incomplete lesion lines or recovered conduction gaps being proarrhythmic.
Methods

Patient Characteristics
The study population consisted of 188 consecutive patients (166 men, 22 women; mean age 59±11 years) with paroxysmal (n=116), persistent (n=48) and longstanding persistent AF (n=24) who were referred for an electrophysiological study and catheter ablation. Persistent AF was defined as AF that was sustained beyond 7 days and requiring pharmacologic or electrical cardioversion. Longstanding persistent AF was defined as continuous AF of more than 1 year (mean, 91±69 months, range 12-240 months). The mean LA diameter was 41±6 mm and the mean ejection fraction was 63±8% as determined by echocardiography. A mean of 3.0±1.0 antiarrhythmic drugs had been administered, but failed to maintain normal sinus rhythm. None of the patients had been treated with amiodarone within the 6 months preceding the procedure. No structural heart disease was present in 65 patients. Valvular disease was documented in 22 patients, cardiomyopathy in 8, coronary artery disease in 8, and sick sinus syndrome in 2. Hypertension was present in 83 patients. Written informed consent was given by all patients.
Electrophysiological Study
All patients received oral anticoagulants for at least 1 month before the ablation. Transesophageal echocardiography was performed to exclude any LA thrombi and antiarrhythmic drugs were discontinued for 5 half-lives before the procedure. Three 5-Fr quadripolar electrode catheters (St Jude Medical (SJM), St Paul, MN, USA) were placed in the high right atrium, His bundle area, and coronary sinus (CS). Triple transseptal punctures were performed, and two 8-Fr SL0 sheaths (SJM) and a 10-Fr SL0 sheath (SJM) were advanced into the LA. After the transseptal puncture, 100 IU heparin/kg was given intravenously and heparinization was continued during the procedure to maintain an activated clotting time >300 s. Angiography was performed from a sheath to determine the size and shape of the PVs. Patients were asked to swallow 5 ml of barium sulfate and the location of the esophagus was noted by fluoroscopy. The surface electrocardiogram (ECG) and bipolar endocardial electrogram were continuously monitored and stored on a computer-based digital amplifier/recorder system for offline analysis (LabSystem™ PRO, Bard Electrophysiology, Lowell, MA, USA). The intracardiac electrograms were filtered from 30 to 500 Hz and measured at a sweep speed of 200 mm/s. Atrial pacing was performed using a programmed stimulator (SEC-3102, Nihon Kohden, Tokyo, Japan).
NCM
A multielectrode array catheter (EnSite 3000; SJM) was inserted into the LA via the 10-Fr SL0 sheath and the tip of the array was positioned in the LA appendage. A decapolar ring catheter (Lasso, Biosense-Webster, Diamond Bar, CA, USA) was inserted into the LA and used for mapping of the PVs. A deflectable, quadripolar 7-Fr ablation catheter (Ablaze Fantasista, Japan lifeline Co, Ltd, Tokyo, Japan) was also inserted into the LA for mapping and ablation. The NCM technique has been described elsewhere. [11] [12] [13] [14] [15] The 3-dimensional geometry was created by maneuvering the Lasso and ablation catheters in the LA and PVs under fluoroscopic and angiographic guidance.
In patients who had been in sinus rhythm at the beginning of the study, derived isopotential and isochronal activation maps were analyzed during sinus rhythm, pacing from the proximal CS, and pacing from 5 sites (left superior, left inferior, center, right superior, and right inferior) within the posterior LA. Burst pacing was then performed in an attempt to induce sustained AF prior to proceeding with ablation.
The conduction block was defined as no propagation of wavefront across the line, and virtual unipolar electrograms along the line showed 2 discrete deflections in reversed polarity and separated by an isoelectric baseline.
Catheter Ablation
Ablation was performed with a temperature-controlled, dumbbell-shaped 8-mm-tip ablation catheter (Ablaze Fantasista, Japan lifeline). In 153 patients (81%) with spontaneous or induced sustained AF and persistent AF, ablation was performed in either induced sustained or persistent AF; in the other 35 patients, ablation was performed during sinus rhythm.
Radiofrequency energy was delivered with a power of 30-40 W. The temperature was limited to 50°C. When radiofrequency energy was delivered at the anterior aspect of the left PVs and the floor line near the esophagus, the power was reduced to 30 W. Radiofrequency energy was delivered for 30 s at each site, and that application was prolonged for 60 s when a change in the morphology or sequence of the PV potentials occurred as determined by circumferential mapping. When the floor line crossed close to the esophagus, the ablation was performed at a maximum power of 30 W and a temperature of 45°C for 15 s.
Continuous lesions in the anterior portion of the ipsilateral superior and inferior PVs were initially created under guidance of the Lasso catheter and NCM system. Ablation was started at the superior wall and continued around the anterior and inferior venous perimeter. When ablation was required in the anterior portion of the left PVs, the energy was delivered within the most proximal millimeters of the vein ostium (rather than the posterior wall of the appendage) to achieve effective electrical disconnection. There was no vertical lesion line created in the posterior portion of the PVs along the esophageal aspect of the posterior LA.
Ablation of the LA roof was then performed by creating a contiguous line of ablation lesions joining the superior PVs. Commencing at the lesion at the left superior PV, the sheath and catheter were rotated clockwise posteriorly and dragged toward the right superior PV. Local potential elimination or the formation of double potentials signified the local effectiveness of the ablation. The stability of the catheter was monitored during the radiofrequency applications by the proximal electrograms, real-time monitoring by NCM and intermittent fluoroscopy to recognize inadvertent displacement of the catheter. The radiofrequency applications were tagged on the NCM system.
Finally, ablation of the LA floor was performed by creating a contiguous line of ablation lesions joining the inferior PVs in order to isolate the posterior LA. 8 Commencing from the lesion at the left inferior PV, the sheath and catheter were rotated clockwise posteriorly and dragged toward the right inferior PV. If AF did not terminate after the Box isolation, sinus rhythm was restored by transthoracic cardioversion. Box isolation was evaluated with NCM after the restoration of sinus rhythm to allow pacing from the CS, posterior LA and all PVs. Once residual conduction gaps were identified, additional radiofrequency applications were applied till all the gaps were eliminated.
The endpoint of the Box isolation was defined as all PV isolations indicated by circumferential PV mapping and bidirectional conduction block in the posterior LA confirmed by activation maps using NCM during pacing at output of 5 V both inside (the 5 sites) and outside (proximal CS and sinus rhythm propagation) of the posterior LA.
After the Box isolation, the inducibility of AF was evaluated by rapid atrial pacing (output, 5 V) performed (20 bursts) in decrements from a cycle length of 250 ms down to refractoriness from the high right atrium and CS after the infusion of isoproterenol (10-20 μg/min). Inducible AF was defined as sustained AF ≥5 min. Sinus rhythm was restored by cardioversion in those patients with sustained AF. If atrial tachycardia/flutter was induced, activation mapping with NCM and pacing entrainment were performed to characterize the arrhythmias and facilitate their ablation followed by terminating them. If the earliest activation site in the LA revealed a positive R wave on the noncontact unipolar electrogram, it suggested RA origin and the multielectrode array was moved to the RA.
Post-Ablation Care and Follow-up
Intravenous heparin was administered to all patients for 24 h after the procedure, followed by warfarin for 3 months. After the ablation, all antiarrhythmic drugs were discontinued. On the day following the procedure, surface ECG, transthoracic echocardiography, and 24-h Holter recording were performed and repeated at 1, 3, 6, and 12 months. All patients were provided with a telemetry ECG recorder (Omron HCG-801, Kyoto, Japan) for 1 month at 6 months after ablation to document symptomatic episodes or to record an ECG once per week if asymptomatic. Any episode of symptomatic or asymptomatic atrial tachyarrhythmia, which was identified on the surface ECG, Holter monitoring or telemetry ECG recorder and lasted for more than 30 s, was considered a recurrence. The follow-up was immediately started after the procedure without any blanking or break-ing period in the present study. In the event of recurrent symptomatic or asymptomatic arrhythmias, the patients were offered an additional ablation after a trial of drug therapy. During the repeated procedures, the prior ablation lesions were evaluated and re-established as required. Cessation of anticoagulant therapy was considered after 3 months if the patient remained in sinus rhythm.
Statistical Analysis
All values are expressed as the mean ± SD. The comparisons of echocardiographic parameters and B-type natriuretic peptide (BNP) level between that before the ablation and 3 months after were calculated using a paired Student's t-test. Statistical significance was set at P<0.05.
Results
Activation Patterns of the Posterior LA Prior Ablation
The LA activation map from the NCM during sinus rhythm was analyzed in 57 patients. In sinus rhythm, LA activation was characterized by the presence of a consistent, but varying, functional line of conduction block that extended from the LA roof, descended the posterior LA wall between the ostia of the superior PVs and then between the ostia of the inferior PVs, and passed below the ostium of the RIPV (Figs 1A,C) . A functional line of conduction block of the LA roof was observed in 34 (60%) of the 57 patients.
During proximal CS pacing, LA activation initiated near the mitral annulus and propagated upward at the posterior LA, in a reverse sequence to that in sinus rhythm, and the latest activation was at the roof to the left superior PV ostium (Fig 1B) . A functional line of conduction block of LA floor was observed in 39 (68%) of the 57 patients.
During pacing inside the pre-designed Box lines at the posterior LA, conduction from the inside to the outside of the posterior LA through the LA roof was observed in 55 (96%) of the 57 patients, and through the LA floor was seen in 52 (91%) of the 57 patients. In 35 (90%) of the 39 patients who had a conduction block at the LA roof or floor in sinus rhythm or with proximal CS pacing, the conduction blocks were reversed during posterior LA pacing (Fig 2) , which indicated that the majority of conduction blocks observed in both sinus rhythm and CS pacing were functional blocks.
Box Isolation
Entrance block of the posterior LA during sinus rhythm and proximal CS pacing was achieved in all patients (Fig 3) , whereas the exit block of the posterior LA during pacing from inside the box area was achieved in 173 patients (92%). Therefore, bi-directional conduction block of the posterior LA was completed in 92% of the patients (Fig 4) . In the remaining patients, complete Box isolation could not be achieved because of incomplete block of the roof or floor line, but all PVs were isolated.
The mean duration of the radiofrequency energy applications was 50±16 min, and the mean procedure and fluoroscopy times were 152±23 and 31±18 min, respectively.
Termination of AF During Radiofrequency Applications
Of 83 patients with paroxysmal AF in whom ablation was performed during AF, termination of the AF by ablation was achieved in 51 patients (61%). In the remaining patients, AF was converted to sinus rhythm by transthoracic cardioversion.
Among 48 patients with persistent AF, the AF was terminated by ablation in 7 patients (15%), and sinus rhythm was restored by transthoracic cardioversion in the remaining patients.
In patients with longstanding persistent AF, none had the AF terminated by radiofrequency ablation.
Atrial Tachyarrhythmias Induced After Box Isolation
After the Box isolation, AF was no longer inducible in 74% of the patients with paroxysmal AF, in 66% of those with persistent AF and in 43% with longstanding persistent AF. With rapid atrial pacing, atrial tachyarrhythmias were induced in 51 patients (27%). Activation using NCM combined with entrainment mapping in those patients demon- 
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strated macroreentrant LA flutter that utilized the conduction gaps in the linear lesions (Fig 5) or mitral annulus in 44 patients, and focal atrial tachycardia originating from the anterior LA wall in 5 and the RA in 2. Those atrial tachyarrhythmias were successfully ablated by additional ablation applications targeted to the gaps, mitral isthmus or foci. The cavotricuspid isthmus was also successfully ablated during the procedure in 25 patients who had typical atrial flutter documented prior to the procedure or induced by pacing after the Box isolation. The superior vena cava was also isolated in 12 patients who had focal AF spontaneously occurring from that site after the Box isolation.
Outcome After Initial Ablation Procedure
During a mean follow-up of 9±4 months after a single ablation procedure, 101 (87%) of the 116 patients with paroxysmal AF, 33 (69%) of the 48 patients with persistent AF and 10 (42%) of the 24 patients with longstanding persistent AF were arrhythmia-free without any antiarrhythmic drugs. The remaining patients who had recurrent AF were receiving medical treatment.
Repeat Ablation A second ablation procedure was performed at a mean of 7±4 months after the first procedure for those patients with symptomatic, drug refractory recurrent AF: 4 (3%) patients with paroxysmal AF, 2 (4%) with persistent AF and 2 (8%) with longstanding persistent AF who had AF that did not respond to antiarrhythmic drugs. During the procedure, recovered conduction gaps were found in the left-sided PV line in 5, in the right-sided PV line in 4, in the roof line in 4 (Fig 6) , and in the floor line in 4. In 1 patient, AF recurred because of a focal trigger from the superior vena cava. All conduction gaps were successfully closed by segmental radiofrequency applications. For the patient with focal AF originating from the superior vena cava, an isolation procedure was performed.
In the remaining patients with recurrent AF, 28 were AFfree with antiarrhymic drug therapy, and 8 were asymptomatic AF with drugs and did not undergo a second procedure.
Overall Outcome of NCM-Guided Box Isolation
During a mean follow-up of 12±4 months (range 6-18 months) after the final ablation procedure, 105 (91%) of the 116 patients with paroxysmal AF, 35 (73%) of the 48 with persistent AF and 11 (46%) of the 24 patients with longstanding persistent AF were arrhythmia-free without antiarrhythmic drugs, including the 8 patients who underwent a second procedure. In addition, 8 patients with paroxysmal AF, 10 with persistent AF and 10 with longstanding persistent AF were arrhythmia-free with antiarrhythmic drugs.
Ablation significantly reduced the mean LA diameter (41±6 mm vs 39±6 mm, P<0.01), increased the mean ejection fraction (63±8% vs 68±7%, P<0.05) and decreased the BNP level (72±103 pg/ml vs 26±28 pg/ml, P<0.01).
Complications
Pericardial effusion occurred after the first procedure in 1 patient and was managed by percutaneous drainage. One patient developed a groin hematoma during the initial procedure. No esophageal injuries or significant PV stenosis or stroke occurred.
Discussion
Main Findings
In the present study, NCM was safely and effectively used to guide and confirm a bi-directional conduction block of the posterior LA in a complete Box isolation procedure for treating AF. After the ablation, atrial tachyarrhythmias were induced in 27% of the patients. NCM combined with pacing maneuvers can identify the mechanism of atrial tachyarrhythmias and conduction gaps. A successful second ablation procedure guided by NCM was performed in those patients with drug-resistant, symptomatic recurrent AF. With the complete Box isolation, 91% of the patients with paroxysmal AF, 73% of those with persistent AF and 46% with longstanding persistent AF were arrhythmia-free without antiarrhythmic drugs. 
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Characteristics of the LA Activation Markides et al analyzed the activation maps with a NCM system during initiation of AF and observed the interaction between wavefronts entering the LA from the PVs and a functional line of conduction block that resulted in LA macroreentry or formation of daughter wavefronts. 16 Weber et al also investigated the onset of episodes of paroxysmal AF in the LA using NCM, and identified that rapid break up and disorganization of wavefronts, particularly on the posterior wall, could maintain AF without the need for a repetitive firing focus. 17 In the present study, a functional line of conduction block of the LA roof was observed in 60% of the patients during sinus rhythm, in the LA floor in 68% during CS pacing, and 63% of such conduction blocks of the LA roof or floor could be reversed by posterior LA pacing. Thus, the conduction properties of the posterior LA are changed by the direction of the wavefronts, and that may have played a role in the initiation and perpetuation of the AF.
Usefulness of NCM
During catheter ablation of AF, it is sometimes difficult to identify focal triggers, confirm the conduction block of the linear lesions, and analyze the mechanism of atrial flutter associated with the procedure. The NCM system is a useful tool for mapping and guiding the ablations at trigger sites for AF initiation with its single-beat mapping capacity. [10] [11] [12] 18 In the present study, NCM effectively detected the conduction gaps in the linear lesions, localized non-PV foci, and analyzed the mechanism of the flutter. Therefore, complete isolation of the posterior LA was achieved in most of the AF patients, and may have resulted in the overall higher success rate. Moreover, the NCM system can provide real-time catheter navigation during the ablation and decrease the use of fluoroscopy. No complications, such as a thrombus formation, occurred in the present study, so NCM can be safely used in the LA.
Efficacy of the Box Isolation
We have previously reported the feasibility and efficacy of the Box isolation for treating paroxysmal AF. 8 In the present study, in addition to the patients with paroxysmal AF, we performed the NCM-guided Box isolation in patients with persistent or longstanding persistent AF, and the success rate of maintaining normal sinus rhythm without any antiarrhythmic drugs was 91%, 73% and 46%, respectively. Monsour et al performed a Fourier analysis of the bi-atrial fibrillatory signals in a sheep model of AF and found that the fastest frequencies recorded during AF occurred in the posterior LA, and that a left-to-right atrial frequency gradient existed during AF. 19 This important finding suggests that the posterior LA and PV region play a role in maintaining AF. Lazor et al later confirmed that this left-to-right atrial dominant frequency gradient exists during human paroxysmal AF, but was attenuated during longer-lasting persistent AF, 20 which suggests that, although the posterior LA and PV regions are important for maintaining paroxysmal AF, other regions outside the posterior LA may play a role in maintaining persistent AF. Therefore, additional ablation at sites with complex fractionated atrial electrograms outside the posterior LA area may improve the clinical outcome. 21 Another interesting finding from this study is that Box isolation shows an improved outcome for patients with recurrent AF and previous failure of antiarrhythmic drug treatments. A repeat ablation procedure was needed and performed in only 8% of that group of patients, so we believe that a hybrid therapy of the Box isolation and antiarrhythmic drugs is feasible and effective for longstanding persistent AF.
Study Limitations
Previous studies have validated the accuracy of using NCM to map areas of interest during sinus rhythm and AF in humans, and it is well known that its accuracy is limited by the distance to the array center. [22] [23] [24] The accuracy of reconstructed electrograms is decreased at a distance >40 mm from the center of the array, particularly during AF. 22 In the present study group of AF patients, the average parasternal long-axis LA diameter was only 41±6 mm on transthoracic echocardiography. However, because of the eccentric geometry of the LA, the septum-to-lateral wall diameter was much greater than the measurement and therefore the PVs may be >40 mm from the center of the array. To minimize this distance factor, we used a Lasso catheter to map the PVs and confirm the elimination of PV potentials during sinus rhythm. Another limitation is that our observation of functional blocks at the posterior LA was based on the group of AF patients. A future comparative study in non-AF patients may further benefit its definition.
Conclusions
There were functional lines of conduction block at the posterior LA in most of this group of AF patients. NCM was useful for guiding a complete Box isolation and detecting the conduction gaps, localizing non-PV foci, and analyzing the mechanism of flutter. The success rate of Box isolation in a single procedure is high, and the need for repeat procedures is low. Thus, NCM-guided Box isolation is a safe, feasible and effective method of treating AF.
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